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the Standard Model (MSSM). The potential for Higgs boson discovery at the Teva- 
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collider are briefly surveyed. The phenomenological challenge of the approach to the 
decoupling limit, where the properties of the lightest CP-even Higgs boson of the 
MSSM are nearly indistinguishable from those of the SM Higgs boson is emphasized. 



1 Introduction 

Despite the great successes of the LEP, SLC and Tevatron colliders during the 1990s in 
verifying many detailed aspects of the Standard Model (SM), the origin of electroweak 
symmetry breaking has not yet been fully revealed. Nevertheless, the precision electroweak 
data impose some strong constraints, and seem to provide strong support for the Standard 
Model with a weakly-coupled Higgs boson (/ism)- The results of the LEP Electroweak 
Working Group analysis shown in fig. |](a) yield [|l]: m hsM = 8li|| GeV, and yield a 
95% CL upper limit of m hsM < 193 GeV. These results reflect the logarithmic sensitivity 
to m hsM via the virtual Higgs loop contributions to the various electroweak observables. 
The 95% CL upper limit on rrih SM is consistent with the direct searches at LEP [[| that 
show no conclusive evidence for the Higgs boson, and imply that mh SM > 114.4 GeV at 
95% CL. Fig. |I](b) exhibits the most probable range of values for the SM Higgs mass ||. 
This mass range is consistent with a weakly-coupled Higgs scalar that is expected to 
emerge from the scalar dynamics of a self- interacting complex Higgs doublet. 

Based on the successes of the Standard Model global fits to electroweak data, one 
can also constrain the contributions of new physics, which can enter through W ± and Z 
boson vacuum polarization corrections. This fact has already served to rule out numerous 
models of strongly-coupled electroweak symmetry breaking dynamics. Nevertheless, there 
are some loopholes that can be exploited to circumvent the conclusion that the Standard 
Model with a light Higgs boson is preferred. It is possible to construct models of new 
physics where the goodness of the global Standard Model fit to precision electroweak data 
is not compromised while the strong upper limit on the Higgs mass is relaxed. In particu- 
lar, one can construct effective operators 0|| or specific models of new physics || where 
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Figure 1: (a) The "blueband plot" shows A% 2 = x 2 — Xmm as a function of the SM Higgs mass (l). The 
solid line is a result of a global fit using all data; the band represents the theoretical error due to missing 
higher order corrections. The rectangular shaded region shows the 95% CL exclusion limit on the Higgs 
mass from direct searches at LEP 0. (b) Probability distribution function for the Higgs boson mass, 
including all available direct and indirect data 0] . The probability is shown for 1 GeV bins. The shaded 
and unshaded regions each correspond to an integrated probability of 50% 



the Higgs mass is significantly larger, but the new physics contributions to the and Z 
vacuum polarizations, parameterized by the Peskin-Takeuchi M parameters S and T, are 
still consistent with the experimental data. In addition, some have argued that the global 
Standard Model fit exhibits some internal inconsistencies ||, which would suggest that 
systematic uncertainties have been underestimated and/or new physics beyond the Stan- 
dard Model is required. Thus, although weakly-coupled electroweak symmetry breaking 
seems to be favored by the precision electroweak data, one cannot definitively rule out all 
other approaches. However, in this review I shall assume that the Higgs boson is indeed 
weakly-coupled due to electroweak symmetry breaking based on scalar dynamics. 

The Standard Model is an effective field theory and provides a very good descrip- 
tion of the physics of fundamental particles and their interactions at an energy scale of 
(9(100) GeV and below. However, there must exist some energy scale, A, at which the 
Standard Model breaks down. That is, the Standard Model is no longer adequate for 
describing the theory above A, and degrees of freedom associated with new physics be- 
come relevant. Although the value of A is presently unknown, the Higgs mass can provide 
an important constraint. If mh SM is too large, then the Higgs self-coupling blows up at 
some scale A below the Planck scale ||. If rrih SM is too small, then the Higgs potential 
develops a second (global) minimum at a large value of the scalar field of order A [T^ . 
Thus new physics must enter at a scale A or below in order that the global minimum of 
the theory correspond to the observed SU(2)xU(l) broken vacuum with v = 246 GeV. 
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Figure 2: (a) The upper and the lower [|T(| Higgs mass bounds as a function of the energy scale A 
at which the Standard Model breaks down, assuming M t = 175 GeV and a s (mz) = 0.118, taken from 
rcf . (ll) . The shaded areas above reflect the theoretical uncertainties in the calculations of the Higgs mass 
bounds, (b) Following ref. Q , a reconsideration of the A vs. Higgs mass plot with a focus on A < 100 TeV. 
Precision electroweak measurements restrict the parameter space to lie below the dashed line, based on 
a 95% CL fit that allows for nonzero values of S and T and the existence of higher dimensional operators 
suppressed by v 2 /A 2 . The unshaded area has less than one part in ten fine-tuning. 



Given a value of A, one can compute the minimum and maximum Higgs mass allowed. 
The results of this computation (with shaded bands indicating the theoretical uncer- 
tainty of the result) are illustrated in fig. ||(a) |T|. Consequently, a Higgs mass range 



130 GeV < rrih SM < 180 GeV is consistent with an effective Standard Model that survives 
all the way to the Planck scale. 

However, the survival of the Standard Model as an effective theory all the way up 
to the Planck scale is unlikely. Electroweak symmetry breaking dynamics driven by a 
weakly-coupled elementary scalar sector requires a mechanism for the stability of the 
electroweak symmetry breaking scale with respect to the Planck scale ||12|| . However, 
scalar squared-masses at one-loop order are quadratically sensitive to A. In order for 
this value to be consistent with the requirement that rrih SM < 0(v), as required from 



unitarity constraints [|13|JT^] , A < 4imih SM / g ~ 0(1 TeV) (where g is an electroweak 
gauge coupling). If A is significantly larger than 1 TeV, then the only way to generate a 
Higgs mass of 0(v) is to have an "unnatural" cancellation between the bare Higgs mass 
and its loop corrections. The requirement of A ~ (9(1 TeV) as a condition for the absence 
of fine-tuning of the Higgs mass parameter is nicely illustrated in fig. |2|(b) ||. 

A viable theoretical framework that incorporates weakly-coupled Higgs bosons and sat- 



isfies the naturalness constraint is that of weak-scale supersymmetry ||15|| . Since fermion 
masses are only logarithmically sensitive to A, boson masses will exhibit the same loga- 
rithmic sensitivity if supersymmetry is exact. However, supersymmetry is not an exact 
symmetry of fundamental particle interactions, and thus A should be identified with the 
energy scale of supersymmetry-breaking. Moreover, supersymmetry-breaking effects can 
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induce a radiative breaking of the electroweak symmetry due to the effects of the large 
Higgs-top quark Yukawa coupling |L6|. In this way, the origin of the electroweak symme- 
try breaking scale is intimately tied to the mechanism of supersymmetry breaking. That 
is, supersymmetry provides an explanation for the stability of the hierarchy of scales, pro- 
vided that supersymmetry-breaking masses in the low-energy effective electroweak theory 



are of 0(1 TeV) or less [12,15|. One notable feature of the simplest weak-scale super- 
symmetric models is the successful unification of the electromagnetic, weak and strong 
gauge interactions, strongly supported by the prediction of sin 2 Q w at low energy scales 



with an accuracy at the percent level [|17| . Unless one is willing to regard the apparent 
gauge coupling unification as a coincidence, it is tempting to conclude that electroweak 
symmetry breaking is indeed weakly-coupled, and new physics exists at or below a few 
TeV associated with the supersymmetric extension of the Standard Model. 

A program of Higgs physics at future colliders must address a number of fundamental 
questions: 

1. Does the SM Higgs boson (or a Higgs scalar with similar properties) exist? 

2. How can one prove that a newly discovered scalar is a Higgs boson? 

3. How many physical Higgs states are associated with the scalar sector? 

4. How well can one distinguish the SM Higgs sector from a more complicated scalar 
sector, if only one scalar state is discovered? 

5. Is the Higgs sector consistent with the constraints of supersymmetry? 

6. How well can one measure the mass, width, quantum numbers and couplings strengths 
of the Higgs boson? 

7. Are there CP-violating phenomena associated with the Higgs sector? 

8. Can one reconstruct the Higgs potential and directly demonstrate the mechanism 
of electroweak symmetry breaking? 

The physics of the Higgs bosons will be explored by experiments now underway at the 
upgraded proton-antiproton Tevatron collider at Fermilab and in the near future at the 
Large Hadron Collider (LHC) at CERN. Once evidence for the existence of new scalar 
particles is obtained, a more complete understanding of the scalar dynamics will require 
experimentation at a future e + e~ linear collider. The next generation of high energy e + e~ 
linear colliders is expected to operate at energies from 300 GeV up to about 1 TeV (JLC, 
NLC, TESLA), henceforth referred to as the LC [jlS | . With the expected high luminosities 



up to 1 ab _1 , accumulated within a few years in a clean experimental environment, these 
colliders are ideal instruments for reconstructing the mechanism of electroweak symmetry 
breaking in a comprehensive and conclusive form. 

A recent comprehensive review of Higgs theory and phenomenology can be found in 
ref. |L9|, and provides an update to many topics treated in The Higgs Hunter's Guide . 
In this short review, I shall highlight some of the most prominent aspects of the theory 
and phenomenology of Higgs bosons of the Standard Model and the MSSM. 
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2 The Standard Model Higgs Boson 



2.1 Theory of the SM Higgs boson 

In the Standard Model, the Higgs mass is given by: rn\ SM = \^ v2 i where A is the Higgs 
self-coupling parameter. Since A is unknown at present, the value of the SM Higgs mass 
is not predicted. However, other theoretical considerations, discussed in Section [I], place 
constraints on the Higgs mass as exhibited in fig. |[ In contrast, the Higgs couplings to 
fermions [bosons] are predicted by the theory to be proportional to the corresponding 
particle masses [squared-masses] . In particular, the SM Higgs boson is a CP-even scalar, 
and its couplings to gauge bosons, Higgs bosons and fermions are given by: 
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where h = hsM, V = W or Z and v = 2rriw/g = 246 GeV. In Higgs production and decay 
processes, the dominant mechanisms involve the coupling of the Higgs boson to the W^, 
Z and/or the third generation quarks and leptons. Note that a h^ugg coupling (g=gluon) 
is induced by virtue of a one-loop graph in which the Higgs boson couples to a virtual tt 
pair. Likewise, a /ism77 coupling is generated, although in this case the one-loop graph 
in which the Higgs boson couples to a virtual W + W~ pair is the dominant contribution. 

The branching ratios for the main decay modes of a SM Higgs boson are shown as a 
function of Higgs boson mass in fig. |3](a), based on the results obtained using the HDECAY 
program . The total Higgs width is obtained by summing all the Higgs partial widths 
and is displayed as a function of Higgs mass in fig. 0(b) . 
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Figure 3: (a) Branching ratios of the SM Higgs boson as a function of Higgs mass. Two-boson [fermion- 
antifermion] final states are exhibited by solid [dashed] lines, (b) The total width of the SM Higgs boson 
is shown as a function of its mass. 
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2.2 Phenomenology of the SM Higgs boson at future colliders 

The Higgs boson will be discovered first at a hadron collider. At the Tevatron, the most 
promising SM Higgs discovery mechanism for rrth sm ^ 135 GeV consists of qq annihilation 
into a virtual V* (V — W or Z), where V* — > Vhswi followed by a leptonic decay of the V 
and hsM bb These processes lead to three main final states, £vbb, vvbb and £ + £~bb, 
that exhibit distinctive signatures on which the experiments can trigger (high leptons 
and/or missing Ej-). The backgrounds are manageable and are typically dominated by 
vector-boson pair production, tt production and QCD dijet production. For larger Higgs 
masses {jrih SM > 135 GeV) it is possible to exploit the distinct signatures present when 
the Higgs boson decay branching ratio to H / T4 /< -*- ) becomes appreciable. In this case, there 
are final states with WW from the gluon-fusion production of a single Higgs boson, and 
WWW and ZWW arising from associated vector boson-Higgs boson production. Three 
search channels were identified in ref. |23j as potentially sensitive at these high Higgs 
masses: like-sign dilepton plus jets (^ ± ^ ± jj) events, high-p T lepton pairs plus missing E T 
{£ + £~vv), and trilepton (£ ± £' ± £ T ) events. Of these, the first two were found to be most 
sensitive f24j . The strong angular correlations of the final state leptons resulting from 
WW* is one of the crucial ingredients for these discovery channels p^|25| , p6" |. 



The integrated luminosity required per Tevatron experiment, as a function of Higgs 
mass to either exclude the SM Higgs boson at 95% CL or discover it at the 3cr or 5a level 
of significance, is shown in Fig. ^(a). These results are based on the combined statistical 
power of both the CDF and D0 experiments. The bands provide an indication of the range 
of uncertainty in the 6-tagging efficiency, bb mass resolution and background uncertainties. 
It is expected that the Tevatron will reach an integrated luminosity of 2 fb _1 during its 
Run 2a phase. This will not be sufficient to extend the Higgs search much beyond the 
present LEP limits. There are plans to further increase the Tevatron luminosity, with a 
possibility of the total integrated luminosity reaching 6.5-11 fb _1 by the end of 2008 P7| . 



This would provide some opportunities for the Tevatron to discover or see significant hints 
of Higgs boson production. 

Soon after the LHC begins operation in 2007, the main Higgs search efforts will shift 
to CERN. A number of different Higgs production and decay channels can be studied at 
the LHC. The preferred channels for m^ SM < 200 GeV are 

gg -> h SM -> 77 , 

gg -> h SM -> vvU , 

qq - qqV^V^ - qqh SM , h SM - 77, r+r", VV& , 
gg, qq -> tih S u, h SM -> bb, 77, H / H /( * ) , 

where V = W or Z. The gluon-gluon fusion mechanism is the dominant Higgs production 
mechanism at the LHC. A recent NNLO computation of gg — > hsM production demon- 
strates the prediction for this Higgs cross-section is under theoretical control ||28|| . One 



also has appreciable Higgs production via VV electroweak gauge boson fusion, which can 
be separated from the gluon fusion process by employing a forward jet tag and central jet 
vetoing techniques. Finally, the cross-section for tihsM production |29|] can be significant 



for rrih SM ^ 200 GeV, although this cross-section falls faster with Higgs mass as compared 
to the gluon and gauge boson fusion mechanisms. Note that for 2mw ^ m h SM ^ 2m^, 
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Figure 4: (a) The integrated luminosity required per Tevatron experiment, to either exclude a SM Higgs 
boson at 95% CL or observe it at the 3u or 5cr level, as a function of the Higgs mass (b) Expected 
5cr discovery luminosity requirements for the SM Higgs boson at the LHC for one experiment, based on 
a study performed with CMS fast detector simulation, assuming statistical errors only J|(| . The gg and 
W + W~ fusion processes are indicated respectively by the solid and dotted lines. 



the Higgs branching ratio to ZZ* is quite suppressed with respect to WW (since one of 
the Z bosons is off-shell). Hence, in this mass window, TigM — > W + W~ — > £ + u£~u is the 
main Higgs discovery channel [26], as exhibited in fig. |](b) f30fl . 



The measurements of Higgs decay branching ratios at the LHC can be used to infer the 
values of the Higgs couplings and provide an important first step in clarifying the nature 
of the Higgs boson These can be extracted from a variety of Higgs signals that are 

observable over a limited range of Higgs masses. For example, for rrih SM ^ 150 GeV, the 
expected accuracies of Higgs couplings to W + W~, 77, t + t~ and gg can be determined to 
an accuracy in the range of 5-15% P2"| . These results are obtained under the assumption 
that the partial Higgs widths to W + W~ and ZZ are fixed by electroweak gauge invariance, 
and the ratio of the partial Higgs widths to bb and r + r~ are fixed by the universality of 
Higgs couplings to down-type fermions. One can then extract the total Higgs width under 
the assumption that all other unobserved modes, in the Standard Model and beyond, 
possess small branching ratios of order 1%. The resulting accuracy anticipated is in the 
range of 10-25%, depending on the Higgs mass. 

To significantly improve the precision of Higgs measurements, one must employ the 



LC p3 , [34y35| . The main production mechanisms of the SM Higgs boson at the LC are the 
Higgs-strahlung process p^ , |36| , e + e~ — > ZhsM, and the WW fusion process ]37[ e + e~ — > 
v e h> e W*W* — > v e i> e hsM- With an accumulated luminosity of 500 fb _1 , about 10 5 Higgs 
bosons can be produced by Higgs-strahlung in the theoretically preferred intermediate 
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mass range below 200 GeV. As yfs is increased, the cross-section for the Higgs-strahlung 
process decreases as s _1 and is dominant at low energies, while the cross-section for the 
WW fusion process grows as ln(s/m^ ) and dominates at high energies. For yfs = 350 
and 500 GeV and an integrated luminosity of 500 fb _1 , this ensures the observation of the 
SM Higgs boson up to the production kinematical limit independently of its decay |33| . 
Finally, the process e + e~ — ► tih SM j38| yields a distinctive signature consisting of two W 



bosons and four 6-quark jets, and can be observed at the LC given sufficient energy and 
luminosity if the Higgs mass is not too large (rrih SM & 200 GeV at ^Js = 800 GeV). 

The phenomenological profile of the Higgs boson can be determined by precision mea- 
surements f3~Tf . For example, the Higgs width can be inferred in a model-independent 
way, with an accuracy in the range of 5-10% (for m^ SM < 150 GeV), by combining the 
partial width to W + W~ , accessible in the vector boson fusion process, with the WW* 
decay branching ratio f39|. The spin and parity of the Higgs boson can be determined 



unambiguously from the steep onset of the excitation curve in Higgs-strahlung near the 
threshold and the angular correlations in this process [40|. By measuring final state angu- 



lar distributions and various angular and polarization asymmetries, one can check whether 
the Higgs boson is a state of definite CP, or whether it exhibits CP-violating behavior in 
its production and/or decays [IT]. 

Higgs decay branching ratios can be well measured for rrih s 



, VI <150 GeV 



.45 



When such measurements are combined with measurements of Higgs production cross- 
sections, the absolute values of the Higgs couplings to the W ± and Z gauge bosons and the 
Yukawa couplings to leptons and quarks can be determined to a few percent in a model- 
independent way. In addition, the Higgs-top quark Yukawa coupling can be inferred from 
the cross-section for Higgs emission off ti pairs |46j . As an example, Table p] exhibits the 
anticipated fractional uncertainties in the measurements of Higgs branching ratios at the 
LC for rrih SM = 120 GeV. Using this data, a program HFITTER was developed in ref. [[43 



Higgs coupling 


5BR/BR 


Sg/g 


hWW 


5.1% 


1.2% 


hZZ 




1.2% 


htt 




2.2% 


hhh 


2.4% 


2.1% 


hcc 


8.3% 


3.1% 


Htt 


5.0% 


3.2% 


hjj,n 


~ 30% 


~ 15% 


hgg 


5.5% 






16% 




hhh 




~ 20% 



Table 1: Expected fractional uncertainties for measurements of Higgs branching ratios [BR(/i — * XX)] 
and couplings [ghxx], for various choices of final state XX, assuming rtih = 120 GeV at the LC. In all 
but four cases, the results shown are based on 500 fb _1 of data at = 500 GeV p3| . The results for 
/177 (42), htt Q, h[ifi Q and hhh (47) assume 1 ab _1 of data at -y/s = 500 GeV (for 77 and hh) and 
V^s = 800 GeV (for tt and fifi), respectively. 
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to perform a Standard Model global fit based on the measurements of the Z/i SM , w/ism 
and tthsu cross-sections and the Higgs branching ratios listed in Table [l]. The output of 
the program is a set of Higgs couplings along with their fractional uncertainties. These 
results should be considered representative of what can eventually be achieved at the LC, 
after a more complete analysis incorporating radiative corrections has been performed. 

Finally, the measurement of the Higgs self-couplings is a very ambitious task that 
requires the highest luminosities possible at the LC j|7| . The trilinear Higgs self-coupling 
can be measured in double Higgs-strahlung, in which a virtual Higgs boson splits into 
two real Higgs particles in the final state |48[|. The result of a simulation based on 1 ab _1 



of data [|7 is listed in Table [T]. Such a measurement is a prerequisite for determining 
the form of the Higgs potential that is responsible for spontaneous electroweak symmetry 
breaking generated by the scalar sector dynamics. 



3 Higgs Bosons of the MSSM Supersymmetry 
3.1 Theory of the MSSM Higgs sector 

The simplest realistic supersymmetric model of the fundamental particles is a minimal su- 
persymmetric extension of the Standard Model (MSSM) [[49], which employs the minimal 
particle spectrum and soft-supersymmetry-breaking terms (to parameterize the unknown 
fundamental mechanism of supersymmetry breaking |)0|). In constructing the MSSM, 
both hypercharge Y = —1 and Y = +1 complex Higgs doublets are required in order 
to obtain an anomaly-free supersymmetric extension of the Standard Model. Thus, the 
MSSM contains the particle spectrum of a two-Higgs-doublet extension of the Standard 
Model and the corresponding supersymmetric partners. 

The two-doublet Higgs sector [[51]] contains eight scalar degrees of freedom: one com- 
plex Y = -1 doublet, $ d = ($[}, $ d ) and one complex Y — +1 doublet, ® u = (<E>+,$°). 
The notation reflects the form of the MSSM Higgs sector coupling to fermions: $° [$°] 
couples exclusively to down-type [up-type] fermion pairs. When the Higgs potential is 
minimized, the neutral Higgs fields acquire vacuum expectation values:[| 





where tan/3 = v u jv& and the normalization has been chosen such that v 2 = v 2 d + v 2 = 
Am^r/g 2 = (246 GeV) 2 . Spontaneous electroweak symmetry breaking results in three 
Goldstone bosons, which are absorbed and become the longitudinal components of the 
and Z. The remaining five physical Higgs particles consist of a charged Higgs pair, 
H ± , one CP-odd scalar, A and two CP-even scalars: 

h = -(v^Re^ - v d ) sina + (v^Re^ - v u ) cosa , 
H = (v / 2Re$^-^)cos« + (\/2Re$° -<)sina, (3) 



x The phases of the Higgs fields can be chosen such that the vacuum expectation values are real and 
positive. That is, the tree-level MSSM Higgs sector conserves CP, which implies that the neutral Higgs 
mass eigenstates possess definite CP quantum numbers. 
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(with rrih < ra#). The angle a arises when the CP-even Higgs squared-mass matrix (in 
the — $° basis) is diagonalized to obtain the physical CP-even Higgs states. 

The supersymmetric structure of the theory imposes constraints on the Higgs sector. 
For example, the Higgs self-interactions are not independent parameters; they can be 
expressed in terms of the electroweak gauge coupling constants. As a result, all Higgs 
sector parameters at tree-level are determined by two free parameters, which may be 
taken to be tan/? and m^. One significant consequence of these results is that there is a 
tree-level upper bound to the mass of the light CP-even Higgs boson, h. One finds that: 
m h < m z \ cos2/5| < m z . This is in marked contrast to the Standard Model, in which the 
theory does not constrain the value of Tnh sm at tree- level. The origin of this difference 
is easy to ascertain. In the Standard Model, rn\ QM = \\v 2 is proportional to the Higgs 
self-coupling A, which is a free parameter. On the other hand, all Higgs self-coupling 
parameters of the MSSM are related to the squares of the electroweak gauge couplings. 

In the limit of tua 3> mz, the expressions for the Higgs masses simplify and one finds: 

2 2 2 r> n 2 2 2 • 2 r> n 2 2 2 / a \ 

m h ~ m z cos 2p , m H ~ m A + m z sm Ip , m H ± = m A + m w . (4) 

In addition, the behavior of the quantity cos(/5 — a) is noteworthy in this limit. One can 
show that at tree level, 

cos 2 (/3 - a) = m K m z- m l) „ ; ( 5 ) 

m 2 A (m 2 H — m 2 h ) 4m\ 

where the last result on the right-hand side above corresponds to the limit of large m A . 
Two consequences of these results are immediately apparent. First, m A — ran — ^ih±, 
up to corrections of 0{m 2 z /mA)- Second, cos(/5 — a) = up to corrections of 0(m 2 z /m 2 A ). 
This limit is known as the decoupling limit ]52| because when wia is large, there exists 
an effective low-energy theory below the scale of in which the effective Higgs sector 
consists only of one CP-even Higgs boson, h. In particular, one can check that when 
cos(/3 — a) = 0, the tree-level couplings of h are precisely those of the SM Higgs boson. 

The phenomenology of the Higgs sector depends in detail on the various couplings 
of the Higgs bosons to gauge bosons, Higgs bosons and fermions. The couplings of the 
Higgs bosons to W and Z pairs typically depend on the angles a and (3. The properties 
of the three-point and four-point Higgs boson-vector boson couplings are conveniently 
summarized by listing the various couplings that are proportional to either sin(/3 — a) or 
cos(/9 — a), and those couplings that are independent of a and (3 f20fl : 



cos(/3 — a) sin(/5 — a) angle-independent 

HW + W~ hW + W- 

HZZ hZZ 

ZAh ZAH ZH + H~, 1 H + H- 

W ± H^h W ± H^H W ± H^A 

ZW ± H^h ZW ± HTH ZW ± H^A 

1 W ± H T h 1 W ± H T H , yW ± H T A 

VVcpcj) , VVAA , VVH+H- 
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where = h or H and VV = W + W~, ZZ, Zj or 77. Note that all vertices in the theory 
that contain at least one vector boson and exactly one non-minimal Higgs boson state 
(H, A or are proportional to cos(/? — a). 

In the MSSM, the tree-level Higgs couplings to fermions obey the following property: 
$° couples exclusively to down-type fermion pairs and $° couples exclusively to up-type 
fermion pairs. This pattern of Higgs-fermion couplings defines the Type-II two-Higgs- 
doublet model |53||?0 ]. The gauge-invariant Type-II Yukawa interactions (using 3rd family 
notation) are given by: 



^Yukawa, fof. 



t R t L <f>° u -t R b L <$>+ +h b b R b L $° d -b R t L $4 +h.c, (6) 



where q Rj L = |(1 ±75)9- Inserting eq. (0) into eq. @ yields a relation between the quark 
masses and the Yukawa couplings: 

, V2m b y/2m b V2m t V2m t 

h b = = a > h t = = — ^-5 ■ 7 

v d v cos p v u v sm p 

Similarly, one can define the Yukawa coupling of the Higgs boson to r-leptons (the r is a 
down-type fermion). The hff couplings relative to the Standard Model value, rrif/v, are 
then given by 

— sin ct 

hbb (or hr + T~) : = sin(/3 — a) — tan (3 cos(/5 — a) , (8) 

cos p 

— cos ct 

htt : = sin(/? — a) + cot 3 cos(/3 — a) . (9) 

sm p 

As previously noted, cos(/5 — a) = 0(m%/m\) in the decoupling limit where tra ^> rnz- 
As a result, the h couplings to Standard Model particles approach values corresponding 
precisely to the couplings of the SM Higgs boson. There is a significant region of MSSM 
Higgs sector parameter space in which the decoupling limit applies, because cos(/3 — a) 
approaches zero quite rapidly once rriA is larger than about 200 GeV. As a result, over 
a significant region of the MSSM parameter space, the search for the lightest CP-even 
Higgs boson of the MSSM is equivalent to the search for the SM Higgs boson. 

The tree-level analysis of Higgs masses and couplings described above can be signif- 
icantly altered once radiative corrections are included. The dominant effects arise from 
loops involving the third generation quarks and squarks and are proportional to the cor- 
responding Yukawa couplings. For example, consider the tree-level upper bound on the 
lightest CP-even Higgs mass, rrih < mz, a result already ruled out by LEP data. This 
inequality receives quantum corrections primarily from an incomplete cancellation of top 
quark and top squark loops [[54]] (this cancellation would have been exact if supersym- 
metry were unbroken). Radiative corrections can also generate CP- violating effects in 
the Higgs sector due to CP-violating supersymmetric parameters, which enter in the loop 



computations Observable consequences include Higgs scalar eigenstates of mixed 

CP quantum numbers and CP-violating Higgs-fermion couplings. However, for simplic- 
ity, such effects are assumed to be small and are neglected in the following discussion. 

The qualitative behavior of the radiative corrections can be most easily seen in the 
large top squark mass limit, where the splitting of the two diagonal entries and the off- 
diagonal entry of the top-squark squared-mass matrix are both small in comparison to 
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the average of the two top-squark squared-masses, M| = \{M~ + M~). In this case, the 
upper bound on the lightest CP-even Higgs mass is approximately given by 



mi <ml + 



?>g 2 m\ 




x 2 t 

VIMl, j 



(10) 



More complete treatments of the radiative corrections show that eq. flip]) somewhat 
overestimates the true upper bound of m^. Nevertheless, eq. ([10|) correctly reflects some 
noteworthy features of the more precise result. First, the increase of the light CP-even 
Higgs mass bound beyond mz can be significant. This is a consequence of the m\ en- 
hancement of the one-loop radiative corrections. Second, the dependence of the light 
Higgs mass on the top-squark mixing parameter X t implies that (for a given value of Ms) 
the upper bound of the light Higgs mass initially increases with X t and reaches its maxi- 
mal value for X t ~ \/QMs- This latter is referred to as the maximal mixing case (whereas 
X t = corresponds to the minimal mixing case). Third, note the logarithmic sensitivity 
to the top-squark masses. Naturalness arguments imply that the supersymmetric particle 
masses should not be larger than a few TeV. Still, the precise upper bound on the light 
Higgs mass depends on the specific choice for the upper limit of the top-squark masses. 

At fixed tan/3, the maximal value of m^ is reached for vha 3> mz- For large m^, the 
maximal value of the lightest CP-even Higgs mass (m™ ax ) is realized at large tan (3 in the 
case of maximal mixing. Allowing for the uncertainty in the measured value of m t and 
the uncertainty inherent in the theoretical analysis, one finds for Ms < 2 TeV that [[56] 



m™ ~ 122 GeV, if top-squark mixing is minimal, 

m™ ax ~ 135 GeV, if top-squark mixing is maximal. (11) 

In practice, parameters leading to maximal mixing are not expected in typical models of 
supersymmetry breaking. Thus, in general, the upper bound on the lightest Higgs boson 
mass is expected to be somewhere between the two extreme limits quoted above. 

Radiative corrections can also have a significant impact on the pattern of Higgs cou- 
plings, particularly at large values of tan j3. The leading contributions to the radiatively- 
corrected Higgs couplings arise in two ways. First, to a good approximation the dominant 
Higgs propagator corrections can be absorbed into an effective ( "radiatively-corrected" ) 
mixing angle a ||58|| . In this approximation, cos(/3 — a) is given in terms of the radiatively- 



corrected CP-even Higgs squared-mass matrix elements A4jj as follows 

(M 2 n -M 2 2 )sm2(3-2M 2 2 cos2(3 

cos P - a) = — - 2 2 . r , 12 

2(m H — m h ) sm(p — a) 

Defining M 2 = M.^ + 5M 2 , where _Mq denotes the tree-level squared-mass matrix, and 
noting that ~ 0{m 2 z ) and m 2 H — m\ = m\ + 0(m 2 z ), one obtains for ^> m z 



cos(/3 — a) 



m\ sin 4/3 




(13) 



b A 

2 Detailed analytic approximations to the radiatively-corrected Higgs masses can be found in ref. 
A recent review of the status of the most complete Higgs mass computations has been given in ref. [57 
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where 



c= 1 + 



5 Ml - 5M 



2 

22 



2m| cos 2/3 



^12 

m| sin 2/3 



(14) 



Using tree-level Higgs couplings with a replaced by its effective one-loop value provides 
a useful first approximation to the radiatively-corrected Higgs couplings. 

For Higgs couplings to fermions, in addition to the radiatively-corrected value of 
cos(/9 — a), one must also consider Yukawa vertex corrections. When these radiative 
corrections are included, all possible dimension-four Higgs-fermion couplings are gener- 
ated. In particular, the effects of higher dimension operators can be ignored if Ms 3> mz, 
which we henceforth assume. These results can be summarized by an effective Lagrangian 
that describes the coupling of the neutral Higgs bosons to the third generation quarks: 

- £ cff = (h b + 6h b )b R b L <S>° d + {h + 5h t )i R t L $ u + Ah t i R t L $f + Ah b b R b L ^ u * + h.c. , (15) 

resulting in a modification of the tree-level relation between h q and m q (q = b, t) |59| : 



m t 



h t v 
V2 



Sh b A/i 6 tan/3\ h b v 

COS P 1 + 1 : = —j= 

Ah t cot (3 \ _ h t v 
h t J = 71 



sin (3 1 + 



Sht 
h t 



cos/3(l + A 6 ) 
sin/3(l + A t ). 



(16) 
(17) 



The dominant contributions to A b are tan /3-enhanced. In particular, for tan/3 ^> 1, 
At ~ (Ah b /h b ) tan/3; whereas Sh b /h b provides a small correction to A^. In the same 
limit, A t ~ 5h t /h t , with the additional contribution of (Ah t /h t ) cot (3 providing a small 
correction. Explicitly, 



A,, 



A, 



3tt 
2a 



^M~ g I (Ml , M£ , Mf ) + j^»A t I (Ml ,Mi 2 ,fi 2 ) 



tan ft 



■A t MsI(Ml,Ml,Ml 



h 2 

a b .2 



^I(M- b \,Ml,^ 



3ti ' : ' ' " : > ' 16tt 2 ' 
where the function / is defined by: 

ab\n(a/b) + bcln(b/c) + caln(c/a) 



I(a, 6, c) 



(a — b)(b — c)(a — c) 



Note that / is manifestly positive and I(a,a,a) = l/(2a). 

The t couplings are obtained by replacing m b , A b and Sh b with m T , A r and 5h T , 
respectively. At large tan f3, 



A T 



^-M^I(Ml , Ml , Ml) - ^M 2/ i I(Ml, Ml /i 2 ) 



tan /3 . 



(19) 



where «2 = y /47T and a\ = g /Air are the electroweak gauge couplings. In general, one 
expects that |A T | -C IAJ. 
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Including the leading radiative corrections, the hff couplings are given by 



hbb : 



htt : 



m& sin a 

v cos/3 

m t cos a 
v sin (3 



1 + 



1 



1 + A b 
1 



' Sh b 



A 6 (l + cotacot/3) 



Aht 



1 + A t ^ 



(cot /3 + tan a) 



(20) 



Away from the decoupling limit, the Higgs couplings to down-type fermions can deviate 
significantly from their tree-level values due to enhanced radiative corrections at large 
tan/? [where A& ~ C(l)]. However, in the approach to the decoupling limit, one can work 
to first order in cos(/3 — a) and obtain 



9 hbb — 9h SM bb 



9htt — 9h SM tt 



1 + (tan (3 + cot (3) cos(/3 
1 + cos(/3 — a) cot (3 — 



a 



cos 2 (3 — 
Ah t 1 



1 + Sh b /h b 
1 + A fe 



1 + A t ht sin 2 (3 



(21) 



Note that eq. (jl3f) implies that (tan/3 + cot/?) cos(/3 — a) ~ (^(ml/m^), even if tan/3 is 
very large (or small). Thus, at large the deviation of the hbb coupling from its SM 
value vanishes as m 2 z /m 2 A for all values of tan/3. 

Thus, if we keep only the leading tan /3-enhanced radiative corrections, then [|60"f 



9hvv 
9h SM vv 

9hbb 
9h<i M bb 



1 - 



(?m% sin 2 4/3 
4m^ 

4cm| cos 2/3 
m 2 , 



9htt 
9h S Mtt 



1 + 



cm| sin 4/3 cot /? 



sin 2 (3 



1 + A fc 



(22) 



The approach to decoupling is fastest for the h couplings to vector bosons and slowest for 
the couplings to down-type quarks. 

Note that it is possible for h to behave like a SM Higgs boson outside the parameter 
regime where decoupling has set in. This phenomenon can arise if the MSSM parameters 
(which govern the Higgs mass radiative corrections) take values such that c = 0, or 
equivalent ly [from eq. ([14])]: 



2m| sin 2(3 = 2 5M\ 2 - tan 2/3 (5M 2 n - 5M 



(23) 



In this case, cos(/? — a) = 0, due to a cancellation of the tree-level and one-loop contribu- 
tions. In particular, eq. (^) is independent of the value of m^. Typically, eq. ( |2"3] ) yields 
a solution at large tan/3. That is, by approximating tan 2/3 ~ — sin 2(3 ~ —2/ tan/3, one 
can determine the value of tan (3 at which cos(/? — a) ~ [pD|: 



tan /3 



2m| - 5.M 2 ! + 5A^1 2 



<5.M 2 



(24) 
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If myi is not much larger than mz, then h is a SM-like Higgs boson outside the decoupling 
regime. 
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Figure 5: (a) 5<r discovery contours for MSSM Higgs boson detection in various channels in the m^- 
tan/3 plane, in the maximal mixing scenario, assuming an integrated luminosity of L = 100 fb -1 for the 
CMS detector [62| . (b) Regions in the m^-tan/? plane in the maximal mixing scenario in which up to 
four Higgs boson states of the MSSM can be discovered at the LHC with 300 fb _1 of data, based on a 
simulation that combines data from the ATLAS and CMS detectors Ip3f. 



3.2 Phenomenology of MSSM Higgs bosons at future colliders 

We have noted that in the decoupling regime, h of the MSSM behaves like the SM Higgs 
boson. Thus, for > 200 GeV, the Higgs discovery reach of future colliders is nearly 
identical to that of the SM Higgs boson. In addition, if the heavier Higgs states are 
not too heavy, then they can also be directly observed. It is convenient to present the 
discovery contours in the m^-tan (3 plane. At the Tevatron, there is only a small region 
of the parameter space in which more than one Higgs boson can be detected. This is a 
region of small rriA and large tan j3, where bbA production is tan /3-enhanced |yj .[] 

If no Higgs boson is discovered at the Tevatron, the LHC will cover the remaining 
unexplored regions of the m^-tan/3 plane, as shown in fig. [5] [62,63]. That is, in the 



maximal mixing scenario (and probably in most regions of MSSM Higgs parameter space), 
at least one of the Higgs bosons is guaranteed to be discovered at the LHC. A large fraction 
of the parameter space can be covered in the search for a neutral CP-even Higgs boson 
by employing the SM Higgs search techniques, where the SM Higgs boson is replaced by 
h or H with the appropriate rescaling of the couplings. Moreover, fig. || illustrates that 
in some regions of the parameter space, both h and H can be simultaneously observed, 
and additional Higgs search techniques can be employed to discover A and/or H^. 

3 In the same region of parameter space, one of the CP-even Higgs states also has an enhanced cross- 
section when produced in association with bb. Finally, the discovery of the charged Higgs boson is possible 
via t — ► bH + (and t — > bH~) decay if m H ± < m t — rrit [since BR(i — ► bH + ) is non-negligible for 
large (and small) values of tan 0\ . 
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Thus, it may be possible at the LHC to either exclude the entire m^-tan/3 plane 
(thereby eliminating the MSSM Higgs sector as a viable model), or achieve a 5a discovery 
of at least one of the MSSM Higgs bosons, independently of the value of tan/? and 
rriA- Note that over a significant fraction of the MSSM Higgs parameter space, there 
is still a sizable wedge-shaped region at moderate values of tan /?, opening up from about 
m,A = 200 GeV to higher values, in which the heavier Higgs bosons cannot be discovered 
at the LHC. In this parameter regime, only the lightest CP-even Higgs boson can be 
discovered, and its properties are nearly indistinguishable from those of the SM Higgs 
boson. Precision measurements of Higgs branching ratios and other properties will then 
be required in order to detect deviations from SM Higgs predictions and demonstrate the 
existence of a non-minimal Higgs sector. 

For high precision Higgs measurements, we turn our attention to the LC. The main 



production mechanisms for the MSSM Higgs bosons are [64 , 33 , 35 



e + e~ — > Zh , ZH via Higgs-strahlung , 
e + e~ — > vvh , vvH via W + W~ fusion , 
e + e~ — > hA , HA via s-channel Z exchange , 

e + e~ — > H + H~ via s-channel 7 , Z exchange . (25) 

If yfs < IniAi then only h production will be observable at the LC.| Moreover, this 
region is deep within the decoupling regime, where it will be particularly challenging to 
distinguish h from the SM Higgs boson. As noted in Table [l], recent simulations of Higgs 
branching ratio measurements suggest that the Higgs couplings to vector bosons and 



the third generation fermions can be determined with an accuracy in the range of 1-3% at 
the LC. In the approach to the decoupling limit, the fractional deviations of the couplings 
of h relative to those of hsu scale as m 2 z /m 2 A . Thus, if precision measurements reveal 
a significant deviation from SM expectations, one could in principle derive a constraint 
{e.g., upper and lower bounds) on the heavy Higgs masses. 

In the MSSM, this constraint is sensitive to the supersymmetric parameters that con- 
trol the radiative corrections to the Higgs couplings. This is illustrated in fig. || where 
the constraints on itla are derived for two different sets of MSSM parameter choices f60fl . 
Here, a simulation of a global fit of measured hbb, hrr and hgg couplings is made (based 
on the anticipated experimental accuracies given in Table HD and \ 2 contours are plotted 
indicating the constraints in the m^-tan /3 plane, assuming that a deviation from SM 
Higgs boson couplings is seen. In the maximal mixing scenario shown in fig. |6](a), the 
constraints on uia are significant and rather insensitive to the value of tan j3. However in 
some cases, as shown in fig. |6|(b), a region of tan /3 may yield almost no constraint on vtia- 
This corresponds to the value of tan (3 given by eq. (|24f) , and is a result of cos(/3 — a) ~ 
generated by radiative corrections [c ~ in eq. fll3"|)]. Thus, one cannot extract a fully 
model-independent upper bound on the value of itia beyond the kinematical limit that 
would be obtained if direct A production were not observed at the LC. 

4 Although hA production may still be kinematically allowed in this region, the cross-section is sup- 
pressed by a factor of cos 2 (/3 — a) and is hence unobservable. 
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Figure 6: Contours of x 2 f° r Higgs boson decay observables for (a) the maximal mixing scenario; and 
(b) a choice of MSSM parameters for which the loop-corrected hbb coupling is suppressed at large tan f3 
and low tua (relative to the corresponding tree-level coupling). The contours correspond to 68, 90, 95, 
98 and 99% confidence levels (right to left) for the observables g\ hh , g\ TT , and g\ gg - See ref. |60) for 
additional details. 



4 Conclusions 

Precision electroweak data suggest the existence of a weakly-coupled Higgs boson. Once 
the Higgs boson is discovered, one must determine whether it is the SM Higgs boson, or 
whether there are any departures from SM Higgs predictions. Such departures will reveal 
crucial information about the nature of the electroweak symmetry breaking dynamics. 
Precision Higgs measurements are essential for detecting deviations from SM predictions 
of branching ratios, coupling strengths, cross-sections, etc. and can provide critical tests of 
the supersymmetric interpretation of new physics beyond the Standard Model. A program 
of precision Higgs measurements will begin at the LHC, but will only truly blossom at a 
future high energy e + e~ linear collider. 

The decoupling limit corresponds to the parameter regime in which the properties 
of the lightest CP-even Higgs boson are nearly indistinguishable from those of the SM 
Higgs boson, and all other Higgs scalars of the model are significantly heavier than the Z. 
Deviations from the decoupling limit may provide significant information about the non- 
minimal Higgs sector and can yield indirect information about the MSSM parameters. 
At large tan/3, there can be additional sensitivity to MSSM parameters via enhanced 
radiative corrections. It is possible that more than one Higgs boson is accessible to 
future colliders, in which case there will be many Higgs boson observables to measure and 
interpret. In contrast, the decoupling limit presents a severe challenge for future Higgs 
studies and places strong requirements on the level of precision needed to fully explore 
the dynamics of electroweak symmetry breaking. 
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